Abstract-The measurement of the scattering parameters of multi-port devices with the help of a vector network analyzer (VNA) with two measurement ports is described. Besides a calibration of the VNA system a further error correction procedure has to be performed in order to eliminate the systematic errors caused by external terminations which have to be connected to the ports of the device under test (DUT) during the measurement of the scattering parameters with a two-port VNA. The application of the multi-port method is presented. This correction method has the advantages that the needed external terminations can be chosen arbitrarily. Furthermore, these terminations can be unknown except for one. An automatized measurement setup on the basis of a switching network optimized for the characterization of planar microstrip devices with four ports is presented. An error model for the description and a calibration procedure for the elimination of the systematic errors are depicted.
I. INTRODUCTION
Vector network analyzers (VNA) with more than two measurement ports [1] for the measurement of the scattering parameters of multi-ports become more and more commercially available. However, VNAs with two measurement ports are still widely used in laboratories and in industry. For the measurement of the scattering parameters of N-ports with more than two contacts (cf. Fig. 1a ) with the help of a VNA with only two measurement ports, only two ports of the DUT can be connected to the analyzer while the remaining ports are connected to external terminations. The measured scattering parameters are thus disturbed by errors due to the reflective frequency characteristics of the terminations. Therefore, an error correction becomes necessary which is commonly performed according to [2] . In the following, the application of the multi-port method [3] will be considered. This method has the advantages that during the measurements the DUT can be connected to arbitrarily chosen terminations, e.g. short and open circuits are also applicable. Moreover, these terminations can be unknown except for one, so that a possible inconsistency problem due to an unprecise knowledge of the terminations can be minimized. This is also known from the calibration of VNAs on the basis of self-calibration procedures [4] . The contacting of multi-port devices can be performed with the help of switches [5] . A calibration of the resulting multiport VNA setup has to be performed in order to eliminate the systematic errors. An automatized measurement setup on the basis of a switching network optimized for the characterization of planar microstrip devices with four ports is presented. An error model for the description and a calibration procedure for the elimination of the systematic errors are depicted.
II. THE MULTI-PORT METHOD
For the characterization of multi-port devices with N ports (Fig. 1a) with the help of a two-port VNA the scattering parameters of all possible two-port combinations of the multiport have to be measured so that in the whole N · (N − 1)/2 two-port measurements have to be performed. Fig. 1b shows
(c) Fig. 1 . Definition of the wave parameters of a N-port a) in general, b) for the measurement with the VNA, c) for the correction according to the multi-port method exemplarily a configuration where the contacts 1 and 2 of the DUT are connected to the VNA while the other contacts are terminated with the reflections Γ 3 , . . . , Γ N . The measured and thus known wave parameters are denoted by m i and a i . The unknown wave parameters are denoted by b i . Performing the measurement of all two-port combinations, the entirety of these measurements can be described by a matrix as follows:
The aim of the error correction is the determination of the scattering matrix [S] of the DUT. For a brief description of the multi-port method a DUT with 3 connectors is considered here. Eq. (1) can be rewritten as:
resulting in a separation into known
. With the further microwave excitationsã
1 ,ã
2 ,ã
) the following solution for e.g. b
(1) 1 results after some conversions:
2 )). With the knowledge of [b] and under the assumption that [Γ] is known, the matrix [S] can be determined with Eq. (2). In comparison to the method of [2] , the terminations Γ 1 , . . . , Γ N can be realized arbitrarily for the multi-port method. Furthermore, the terminations can be unknown except for one, because they are calculable by:
where the parameters h ij , i = 1, 2, j = 1, . . . , 4 are known from measurements. These results can be applied to devices with more than three ports by dividing the multi-port into N · (N − 1)(N − 2)/6 sub-devices with three connectors (cf. Fig. 1c ).
III. SETUP FOR THE AUTOMATIZED MEASUREMENT OF MULTI-PORT DEVICES
In order to automatize the contacting of multi-port devices for the measurement of the scattering parameters with a twoport VNA a switching network can be utilized as shown exemplarily in Fig. 4 for a four-port. The switching network realizes all necessary paths between the two ports of the analyzer and the ports of the DUT, needed For the 7-term error model of the two-port VNA in Fig. 3 , the following relations between the wave parameters, the error two-ports and the scattering matrix of the DUT hold:
Replacing the wave parameters a 1 , a 2 , b 1 , b 2 in the last expression with the help of the first two relations, the following equation results: .
On the basis of a calibration as e.g. the TRL-method (through, reflect, line), the error terms are calculable except for a common factor. The error parameters can thus be normalized to one parameter as e.g. G 22 , so that the following terms are known after a calibration:
This error model can be applied to the extended VNA in Fig. 4 . While the calibration of the two-port VNA is performed in the reference plane 'a' in Fig. 4 , 2, the extended VNA is calibrated in the reference plane 'b'. For an error description of the extended VNA each path between the ports of the VNA and the ports in the plane of the DUT has to be described by a separate error two-port. For the contacts 2 and 3 in the plane 'b', it has to be distinguished between the paths from port 1 and port 2 of the VNA resulting either in the error two-ports 
which can be solved for the error parameters of [H 3 ], if the connection network between port 1 and 3 is either a through connection or an arbitrary but known network. 
In the same way the remaining error two-ports can be determined, where all error two-ports are normalized to the same parameter.
IV. MEASUREMENT ON MICROSTRIP SUBSTRATES
In the following, the automatized measurement of planar microstrip devices will be considered. For this purpose, a commonly used test fixture for four-port devices with two of the four connectors being mounted side by side (cf. Fig. 6 ) is connected to the extended VNA in Fig. 4 . The scattering parameters of four-ports can thus be measured completely automatically with the help of a two-port VNA. The calibration of the whole setup is performed on the basis of microstrip calibration structures. For a setup as shown in Fig. 6 , at first, a full two-port calibration can be performed between port 1 and 4 on the basis of the TRL method. In Fig. 6a the connection of a through standard is shown exemplarily. The two error twoports [G 1 ] and [H 4 ] of the setup can be determined. Next, contacting port 3 and port 4 to port 1 with the help of the through connection as shown in Fig. 6b and 6c . Due to the configuration of the connectors side by side, a connection with a through structure as before is not possible. A structure with bends becomes necessary, as shown in the figure. In order to characterize this structure, the scattering parameters of the network in Fig. 6d are measured on the basis of the already known error two-ports
. Assuming that this network shows the same frequency behavior as the structure in Fig. 6e , independently of the orientation of the bends, [H 2 ] is calculable. Finally, with the lower structure in Fig. 6a [G 3 ] can be determined, so that all error two-ports are measured with the help of the structures in Fig. 6 . This is one possibility to perform a calibration of such a setup for the measurement of four-port microstrip devices. The calibration structures can as well be applied to other planar measurement setups where the contacts are positioned in a similar way as e.g. in on-wafer setups.
Thus, the analyzer system is completely calibrated and a four-port DUT can be connected. The necessary measurements of the scattering parameters can then be performed completely automatized. However, a further correction procedure has to be applied in order to eliminate the errors due to the reflections of the terminations Γ 1 , . . . , Γ 4 . For this purpose, the multi-port method can be used advantageously. This method is uncritical concerning the knowledge of the reflective characteristics of the terminations, because the frequency behavior of the terminations except for one can be determined inherently within the multi-port method. This makes this method robust. Furthermore, the multi-port method offers a high degree of freedom for the realization of the terminations. It makes it even possible to realize the terminations as open circuits, leaving the remaining terminals of the DUT unconnected and thus enabling a reduction of the complexity of the switching circuit of Fig. 4 , as the switches on the right side for the connection of the terminations Γ 1 , . . . , Γ 4 can be left out. For the verification of the previously described theory for the measurement of multi-port devices with the help of a twoport VNA, a switching network as shown in Fig. 4 on the basis of electromechanical switches is realized. Thus, the contacting procedure for the measurement of 4-port devices is completely automatized. For the calibration of the setup a full two-port TRL-calibration is performed between port 1 and 4 in the reference plane b of Fig. 4 with coaxial connectors, leading to the determination of [G 1 ] −1 and [H 4 ]. Next, the remaining error two-ports are calculated according to the previously described theory. By way of example, in Fig. 7 and Fig. 8 the VI. SUMMARY The measurement of the scattering parameters of multiport devices with the help of a vector network analyzer with only two measurement ports is presented. An automatized measurement system on the basis of electromechanical switches in combination with a test fixture for the measurement of microstrip devices is shown. An optimized calibration procedure for the elimination of the systematic errors of the setup is depicted. Furthermore, the application of the multiport method for the correction of the two-port measurements is considered.
V. MEASUREMENT RESULTS

